Skeletal muscle is regarded as an endocrine and paracrine organ. Muscle-derived secretory proteins, referred to as myokines, mediate interactions between skeletal muscle mass and other organs such as the liver, adipose tissue, pancreas, bone, and the cardiovascular system. As individuals age, reduced levels of physical activity and sarcopenia (loss of skeletal muscle mass and strength) are associated with physical frailty and disability. Recently, several studies have suggested that the loss of skeletal muscle mass may contribute to metabolic disease. Therefore, herein, we focus on the relationships between skeletal muscle mass and metabolic diseases, including metabolic syndrome and non-alcoholic fatty liver disease.
INTRODUCTION
Sarcopenia is a condition characterized by a progressive and generalized loss of skeletal muscle mass, strength, and/or physical performance [1] . The overall prevalence of sarcopenia among Korean women over the age of 50 years is estimated as 20.2% [2] . In recent years, researchers have come to regard sarcopenia not only as a part of aging, but also as a progressive disease associated with metabolic disorders such as metabolic syndrome, diabetes, non-alcoholic fatty liver disease (NAFLD), and cardiovascular disease. Several cross-sectional and longitudinal studies have reported that sarcopenia is a novel risk factor for the development of metabolic diseases. Furthermore, the pathophysiology of sarcopenia and metabolic diseases is complex, involving several processes, and has not been completely elucidated. Herein, we review the possible mechanisms underlying sarcopenia and metabolic diseases.
MECHANISMS RELATED TO SARCOPENIA AND METABOLIC DISEASE

Insulin resistance
Skeletal muscle is the major organ in which insulin-mediated glucose uptake by glucose transporter 4 (GLUT4) takes place. A previous report showed that muscle-specific knockout of GLUT4 resulted in severe insulin resistance and impaired glu-cose tolerance [3] . Insulin resistance resulting from loss of skeletal muscle mass increases lipolysis and the consequent release of free fatty acids from adipose tissue, which leads to inhibition of the growth hormone/insulin growth factor-1 axis and reduced muscle regeneration [4] . Insulin resistance leads to promotion of gluconeogenesis, upregulation of sterol regulatory elementbinding protein 1c (SREBP-1c), inhibition of β-oxidation, increased free fatty acid delivery, and altered triglyceride transport, which causes triglycerides to accumulate in skeletal muscle and the liver [5] . In compensatory hyperinsulinemia, which is induced by insulin resistance, impaired suppression of gluconeogenesis promotes proteolysis, reduces protein synthesis; for this reason, compensatory hyperinsulinemia may be involved in age-related muscle loss and sarcopenia [6, 7] .
Myokines
Skeletal muscle is a metabolically active organ that interacts with other organs through secretory proteins, including cytokines and peptides, to mediate energy metabolism and exert beneficial effects on metabolic health [8] . These proteins, known as myokines, are secreted in response to muscle contraction or strength training [9] . Regular physical activity and exercise promote increased skeletal muscle mass and myokine release [10] . Myokines including interleukin 6 (IL-6), myostatin, myonectin, and irisin affect adipogenesis in paracrine and endocrine fashions. Intramuscular adipose tissue seems to be an important target tissue for paracrine myokines such as musclin, which is induced during exercise and promotes peroxisome proliferator-activated receptor-α (PPAR-α)-dependent fat browning [11, 12] . IL-6 is an important exercise-inducible myokine that enhances glucose production in the liver, lipolysis in adipose tissue, pancreatic β-cell viability, and insulin secretion [13] [14] [15] . Intramuscular IL-6 promotes glucose uptake and fat oxidation via the phosphoinositide 3-kinase (PI3K) and AMP-activated protein kinase (AMPK) signaling pathways, respectively, and improves insulin sensitivity by blocking proinflammatory signaling pathways in the muscle [16, 17] . In inflammation-prone animal models, elevation of hepatic IL-6 downregulates lipogenic genes, but upregulates fatty acid oxidation-related genes in the liver, thereby exerting a protective effect on the development of hepatic steatosis [18] . However, IL-6 released by adipose tissue and its chronic elevation in response to a high-fat diet can promote obesity by recruiting macrophages into adipose tissue [19] . Irisin, a myokine induced by exercise, also increases energy expenditure through PPAR-α-dependent downsignaling and improves insulin sensitivity and hepatic steatosis by upregulating the fibroblast growth factor 21 (FGF21); these effects were observed independently of reduction in body weight and adiposity in an diet-induced obese mouse model [20, 21] . In human muscle, expression of the fibronectin type III domain-containing protein 5 (FNDC5) gene, which encodes a precursor of irisin, is positively associated with physical activity and skeletal muscle mass [22] . Therefore, the presence of a relatively large quantity of skeletal muscle mass may result in the secretion of high levels of favorable myokines, resulting in beneficial effects on glucose uptake and lipid metabolism.
Chronic inflammation
Sarcopenia is linked with chronic inflammation. In patients with sarcopenia, elevated levels of C-reactive protein (CRP) and proinflammatory cytokines were found, as well as decreased levels of anti-inflammatory cytokines, reflecting conditions of chronic inflammation. Levels of CRP and IL-6 were negatively associated with appendicular lean body mass [23, 24] . Furthermore, intramuscular lipid accumulation also impairs mitochondrial function by inhibiting the capacity of mitochondria to carry out β-oxidation and increasing the formation of reactive oxygen species, accompanied by increased secretion of pro-inflammatory cytokines such as tissue necrosis factor (TNF)-α, IL-6, leptin, and resistin, which contribute to the development and aggravation of systemic insulin resistance [25] . Increased TNF-α levels in the liver cause lipid accumulation by activating de novo fat synthesis [26] . TNF-α also directly or indirectly activates nuclear factor kappa B, a major transcription factor that promotes the expression of numerous proinflammatory cytokines, which contribute to skeletal muscle catabolism and the development of NAFLD [27] .
Vitamin D
Vitamin D modulates the physiology and function of multiple organ systems in humans, and its deficiency is a common health problem that occurs with aging [28] . Previous studies have reported that low levels of vitamin D are associated with sarcopenia and that vitamin D may play an important role in the growth of skeletal muscle mass and maintenance of muscle function [29, 30] . The nuclear vitamin D receptor has been identified in human skeletal muscle, and the combination of its decreased expression with aging and vitamin D deficiency may lead to sarcopenia; as a result, individuals with sarcopenia may show lower vitamin D levels independently from the effects of metabolic syndrome, diabetes, and insulin resistance [31] . Vitamin D upregulates PPAR-α and carnitine palmitoyltransferase-1,
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Physical inactivity
Physical inactivity exerts a catabolic effect in muscle tissue because amino acids lose their ability to stimulate protein synthesis [34] . Furthermore, muscle disuse-induced atrophy involves a decrease in energy consumption that causes increased fat deposition, systemic inflammation, and insulin resistance [35] . Numerous myokines are secreted during exercise, and physical activity results in decreased pro-inflammatory and increased antiinflammatory cytokine production, muscle hypertrophy, regeneration, and increased glucose uptake; through these mechanisms, exercise decreases hepatic steatosis even without weight loss [36] .
SKELETAL MUSCLE MASS AND METABOLIC DISEASES
Metabolic syndrome
Metabolic syndrome is a cluster of pathological metabolic conditions that includes abdominal obesity, insulin resistance, hyperglycemia, dyslipidemia, and hypertension [37] . In 1990, 50 million Americans were estimated to have metabolic syndrome, which increased to 64 million in 2000 [38] . In Korea, the prevalence of metabolic syndrome increased significantly from 24.9% in 1998 to 31.3% in 2007 [39] . Metabolic syndrome is a global health problem, as it is closely associated with cardiovascular disease, diabetes, cancer, and mortality [40] . The loss of skeletal muscle and the accumulation of intramuscular fat, which induce contractile impairment and metabolic abnormalities, may be associated with metabolic syndrome via a complex set of factors including proinflammatory cytokines, oxidative stress, mitochondrial dysfunction, insulin resistance, and lack of physical activity [41] . Several studies have established links between sarcopenia and metabolic syndrome.
A meta-analysis of 13 cross-sectional studies with 35,581 middle-aged and older non-obese adults showed that the overall prevalence of metabolic syndrome was 36.45% (95% confidence interval [CI], 28.28% to 45.48%) in individuals with sarcopenia, and a positive association was found between sarcope-nia and metabolic syndrome (odds ratio [OR], 2.01; 95% CI, 1.63 to 2.47) [42] . A longitudinal study of a hospital-based cohort comprising 1,042 Korean individuals reported that the incidence of metabolic syndrome over the course of 2 years was 10.5%. They also found the percent of skeletal muscle mass relative to body weight was negatively associated with high waist circumference (OR, 0.7; 95% CI, 0.50 to 0.99), high blood pressure (OR, 0.72; 95% CI, 0.61 to 0.86), and high triglycerides (OR, 0.77; 95% CI, 0.61 to 0.97), while no significant association was found with dysglycemia or low high-density lipoprotein cholesterol [43] . Furthermore, we conducted a longitudinal study investigating the association of low muscle mass and metabolic syndrome in 14,830 individuals examined at a health promotion center [44] . Skeletal muscle mass was measured in terms of the skeletal muscle mass index (SMI), a value representing body weight-adjusted appendicular skeletal muscle mass, which was estimated by bioelectrical impedance analysis. During 7 years of follow-up, 20.1% of the subjects developed metabolic syndrome. The highest sex-specific SMI tertile showed a significant inverse association with the development of metabolic syndrome (adjusted hazard ratio [HR], 0.61; 95% CI, 0.54 to 0.68) compared with the lowest tertile at baseline. In addition, compared with SMI changes of <0% over a year, >1% changes in SMI over a year were associated with a significantly reduced risk of developing metabolic syndrome even after adjustment for baseline SMI and glycometabolic parameters (adjusted HR, 0.67; 95% CI, 0.56 to 0.79). The data showed that low relative skeletal muscle mass is a causative factor for developing metabolic syndrome and an increase in relative skeletal muscle mass over time may have a preventive effect against the development of metabolic syndrome.
Non-alcoholic fatty liver disease
From a global perspective, NAFLD is the most rapidly growing metabolic liver disease, and it is receiving greater attention from researchers in parallel with the dramatic increase in the prevalence of obesity and insulin resistance [45] . The worldwide prevalence of NAFLD is estimated to be 25%, and NAFLD imposes a large socioeconomic burden globally [46] . NAFLD encompasses a broad spectrum of metabolic liver disease, ranging from simple steatosis to non-alcoholic steatohepatitis (NASH), and it can progress to advanced liver disease and hepatocellular carcinoma; however, the most common outcome of NAFLD is related to cardiometabolic disease [47] . Several studies have investigated the relationship between sarcopenia and NAFLD.
A previous meta-analysis of five cross-sectional studies re-Copyright © 2020 Korean Endocrine Society ported that patients with sarcopenia had a 1.5-fold increased risk of NAFLD compared to those without sarcopenia (OR, 1.54; 95% CI, 1.05 to 2.26) [48] . Another meta-analysis of six crosssectional studies with a total of 19,024 subjects showed that subjects with sarcopenia had a 1.3-fold increased risk of NAFLD (OR, 1.29; 95% CI, 1.12 to 1.49) compared to those without sarcopenia [49] . Additionally, a meta-analysis of three studies with 3,226 subjects found that sarcopenia was associated with NASH (OR, 2.35; 95% CI, 1.45 to 3.81) and advanced liver fibrosis (OR, 2.41; 95% CI, 1.94 to 2.98) [50] . We conducted a longitudinal study regarding the association between low muscle mass and NAFLD in a general population cohort of 12,624 subjects without baseline NAFLD and 2,943 subjects with baseline NAFLD [51] . NAFLD was diagnosed by the hepatic steatosis index. The highest sex-specific SMI tertile was inversely associated with the development of NAFLD (adjusted HR, 0.44; 95% CI, 0.38 to 0.51) and positively associated with the resolution of NAFLD at baseline (adjusted HR, 2.09; 95% CI, 1.02 to 4.28) compared with the lowest tertile at baseline. In addition, compared with the lowest tertile of change in SMI over a year, the highest tertile showed a significantly reduced risk of incident NAFLD (adjusted HR, 0.69; 95% CI, 0.59 to 0.82) and a higher likelihood of resolution of baseline NAFLD (adjusted HR, 4.17; 95% CI, 1.90 to 6.17) even after adjustment for baseline SMI. This study demonstrated that low relative skeletal muscle mass is a causative factor in the development of NAFLD. As no drugs have been approved by the Food and Drug Administration for the treatment of NAFLD, building relative skeletal muscle mass may emerge as a promising therapeutic modality for NAFLD.
CONCLUSIONS
Due to the aging of society, sarcopenia-a condition characterized by progressive and generalized loss of skeletal muscle mass and strength that places individuals at risk for physical disability, poor quality of life, and death-has been drawing increased attention. Many studies have linked the common mechanisms underlying sarcopenia and metabolic disease, including insulin resistance and obesity, and recently, low relative skeletal muscle mass and its decline over time have been established as causative risk factors for metabolic syndrome and NAFLD. Further studies are warranted to elucidate the effects of interventions including physical exercise and nutritional supplementation on both sarcopenia and metabolic disease.
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